Patients recovering from sepsis have higher rates of CNS morbidities associated with long-lasting impairment of cognitive functions, including neurodegenerative diseases. However, the molecular etiology of these sepsis-induced impairments is unclear. Here, we investigated the role of the receptor for advanced glycation end products (RAGE) in neuroinflammation, neurodegeneration-associated changes, and cognitive dysfunction arising after sepsis recovery. Adult Wistar rats underwent cecal ligation and perforation (CLP), and serum and brain (hippocampus and prefrontal cortex) samples were obtained at days 1, 15, and 30 after the CLP. We examined these samples for systemic and brain inflammation; amyloid-␤ peptide (A␤) and Ser-202-phosphorylated Tau (p-Tau Ser-202 ) levels; and RAGE, RAGE ligands, and RAGE intracellular signaling. Serum markers associated with the acute proinflammatory phase of sepsis (TNF␣, IL-1␤, and IL-6) rapidly increased and then progressively decreased during the 30-day period post-CLP, concomitant with a progressive increase in RAGE ligands (S100B, N⑀-[carboxymethyl]lysine, HSP70, and HMGB1) . In the brain, levels of RAGE and Toll-like receptor 4, glial fibrillary acidic protein and neuronal nitric-oxide synthase, and A␤ and p-Tau Ser-202 also increased during that time. Of note, intracerebral injection of RAGE antibody into the hippocampus at days 15, 17, and 19 post-CLP reduced A␤ and p-Tau Ser-202 accumulation, Akt/mechanistic target of rapamycin signaling, levels of ionized calcium-binding adapter molecule 1 and glial fibrillary acidic protein, and behavioral deficits associated with cognitive decline. These results indicate that brain RAGE is an essential factor in the pathogenesis of neurological disorders following acute systemic inflammation.
Patients recovering from sepsis have higher rates of CNS morbidities associated with long-lasting impairment of cognitive functions, including neurodegenerative diseases. However, the molecular etiology of these sepsis-induced impairments is unclear. Here, we investigated the role of the receptor for advanced glycation end products (RAGE) in neuroinflammation, neurodegeneration-associated changes, and cognitive dysfunction arising after sepsis recovery. Adult Wistar rats underwent cecal ligation and perforation (CLP), and serum and brain (hippocampus and prefrontal cortex) samples were obtained at days 1, 15, and 30 after the CLP. We examined these samples for systemic and brain inflammation; amyloid-␤ peptide (A␤) and Ser-202-phosphorylated Tau (p-Tau Ser-202 ) levels; and RAGE, RAGE ligands, and RAGE intracellular signaling. Serum markers associated with the acute proinflammatory phase of sepsis (TNF␣, IL-1␤, and IL-6) rapidly increased and then progressively decreased during the 30-day period post-CLP, concomitant with a progressive increase in RAGE ligands (S100B, N⑀-[carboxymethyl]lysine, HSP70, and HMGB1). In the brain, levels of RAGE and Toll-like receptor 4, glial fibrillary acidic protein and neuronal nitric-oxide synthase, and A␤ and p-Tau Ser-202 also increased during that time. Of note, intracerebral injection of RAGE antibody into the hippocampus at days 15, 17, and 19 post-CLP reduced A␤ and p-Tau Ser-202 accumulation, Akt/mechanistic target of rapamycin signaling, levels of ionized calcium-binding adapter molecule 1 and glial fibrillary acidic protein, and behavioral deficits associated with cognitive decline. These results indicate that brain RAGE is an essential factor in the pathogenesis of neurological disorders following acute systemic inflammation.
Sepsis is defined as a life-threatening organ dysfunction caused by dysregulated host responses to an infection (1) . At admission, up to 71% of septic patients develop potentially irreversible acute cerebral dysfunction (2, 3) , a condition caused by systemic inflammation without brain infection and clinically characterized by slowing of mental processes, impaired attention, disorientation, delirium, or coma (4) . Recent studies have shown that long-lasting consequences following sepsis recovery often include brain disorders (5) . Even after full recovery, animals subjected to sepsis induced by cecal ligation and perforation (CLP) 2 demonstrated significant difficulties in performing behavioral tasks, indicating cognitive deficits (6) . In recovered patients, persistent deficits in functional abilities and general quality of life are observed (7) , which may be associated with long-lasting impairment in cognitive capacities associated with memory and executive function (8) .
This long-term impairment in brain function was suggested to result from neurodegenerative or ischemic mechanisms triggered by systemic inflammation (9) . Peripherally produced cytokines can enter the central nervous system (CNS), as sepsis is able to induce transient disruption of the blood-brain barrier (BBB) (10, 11) . This in turn leads to microglia/astrocyte activation and local production of pro-inflammatory mediators and reactive species (12, 13) . However, details of the molecular cascades linking systemic inflammation to neuroinflammation and brain dysfunction still need to be better understood. Comprehension of these mechanisms in detail may reveal valuable information that can be used as a basis to develop new strategies to treat sepsis co-morbidities. In addition, unveiling new details on the molecular events linking systemic inflammation to brain dysfunction may also uncover new insights to the understanding of the onset of neurodegeneration itself (14) .
Neurodegenerative processes may evolve over the course of many years, and the diagnosis is generally performed only in advanced or late stages, when brain function is impaired due to significant neuronal loss. Neurodegeneration is characterized by progressive neuronal death associated with the accumulation of misfolded, aberrant forms of cellular proteins or peptides with neurotoxic activity. In Alzheimer's disease (AD), neuronal death occurs concomitant to progressive formation of neurofibrillary tangles and amyloid (senile) plaques. Neurofibrillary tangles are formed due to aberrant hyperphosphorylation of the microtubule-stabilizing protein Tau, whereas amyloid plaques originate by hydrophobic aggregates of misfolded amyloid-␤ peptide (A␤). Hyperphosphorylation of Tau occurs in at least 22 other brain conditions, such as amyotrophic lateral sclerosis, Down's syndrome, and prion diseases (15) , and because disruption of Tau homeostasis is associated with cognitive deficits (16) , modulation of Tau phosphorylation by pathogenic processes may also be associated with the onset of neurodegenerative processes. Similarly, cleavage of the amyloid precursor protein (A␤PP) by different secretases may generate small peptides, including a variety of A␤ peptides (17) . Necrotic and apoptotic neuronal death is induced by extracellular A␤ both through activation of death receptors in neurons and induction of microglial pro-inflammatory activation and astrocytosis (18) . Pro-inflammatory activation, in turn, further induces A␤ aggregation due to amino acid oxidation and peptide destabilization (19) .
The receptor for advanced glycation end products (RAGE) is a multiligand pattern-recognition receptor, belonging to the immunoglobulin superfamily of proteins (20). Although it was first described to be activated by advanced glycation end products (AGEs), RAGE can interact with a number of different classes of agonists, including S100 family proteins (e.g. S100B), high-mobility group box protein 1 (HMGB1), 70-kDa heatshock protein (HSP70), and N⑀-(carboxymethyl)lysine (CML) (21) , among others. RAGE is expressed only by lungs and endothelial cells in a constitutive fashion and is generally repressed in other tissues; however, an increase in the concentration of circulating RAGE ligands induces the expression of this receptor in most cell types (20). RAGE activation triggers different signaling cascades for immune responses, including the ERK1/ 2-dependent activation of NF-B and consequent transcriptional activation of pro-inflammatory genes (22) , whereas RAGE inhibition was demonstrated to have a protective role against sepsis and LPS-induced endotoxemia (23) (24) (25) . In the CNS, RAGE expression has been linked to neuroinflammation, A␤ influx through the BBB, and neurodegeneration associated with AD, among other conditions (26, 27) . It was previously demonstrated that HMGB1, a RAGE ligand, mediates cognitive dysfunction in sepsis survivors (28) and that RAGE is increased in the brain of rats 30 days after sepsis induction by CLP (29, 30) . Following the observation that A␤ binds and activates RAGE (31), RAGE was identified as an important link in the intertwined signaling of inflammatory, amyloidogenic, and pro-apoptotic cascades during the progression of AD, as it maintains a chronic pro-inflammatory state via A␤-dependent stimulation of microglia (32) . Nonetheless, a possible role of RAGE in other CNS disorders, including those associated with pro-inflammatory states, has been relatively neglected.
This study was performed to evaluate whether RAGE is associated with the changes in CNS homeostasis that arise after the recovery of the acute pro-inflammatory phase of sepsis. Therefore, the levels of pro-inflammatory markers, A␤, phosphorylated Tau, and RAGE-associated molecules (including RAGE, several RAGE ligands, and intracellular downstream targets) were monitored in serum and brain from 24 h to 30 days after CLP surgery. The serum was evaluated for peripheral inflammatory markers and RAGE ligands, and the hippocampus and prefrontal cortex were evaluated because these structures are directly associated with cognitive dysfunctions observed in this rat model (6, 33) . RAGE signaling was blocked by immune neutralization in the hippocampus between 15 and 19 days after CLP, and the cognitive function (inhibitory avoidance and object recognition tasks), neuroinflammatory (RAGE, Iba-1, and GFAP), and neurodegenerative markers (A␤ and phosphorylated Tau) were evaluated 30 -31 days after CLP. The results presented here indicate the following: (i) RAGE signaling increases as acute pro-inflammatory markers decrease over the 30 days following CLP, in serum, and CNS; and (ii) blocking of RAGE in the hippocampus inhibits neuroinflammatory and neurodegenerative markers in this brain region, as well as cognitive deficits that are observed 30 days after CLP. Overall these data suggest that RAGE signaling in the CNS exerts an important role in the progressive impairment of brain function that arises after the recovery from the acute phase of sepsis, and it may be involved in the long-term development of brain dysfunction and neurodegeneration triggered by episodes of acute systemic inflammation, including polymicrobial sepsis.
Results

Neuroinflammation and neurodegeneration markers increase after the acute phase of sepsis
Increased levels of IL-1␤, TNF-␣, and IL-6 were observed in serum 24 h after sepsis induction ( Fig. 1A ). Fifteen days after CLP, IL-1␤ and TNF-␣ were still increased, but no differences were detected between sham and CLP animals 30 days after surgery. These results confirmed that CLP induced an acute increase in systemic pro-inflammatory mediators and that the differences in cytokine levels between sham-operated and animals undergoing CLP decreased with time. As animals subjected to CLP often present with brain dysfunction after full recovery from inflammation, biochemical markers of neuroinflammation in hippocampus and prefrontal cortex were evaluated at early and late periods after sepsis induction. One day after CLP, IL-1␤, IL-6, and TNF-␣ levels were increased in the hippocampus (Fig. 1B ) and the prefrontal cortex (Fig. 1C ). Fif-
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teen days after CLP, the levels of all cytokines were still increased, but 30 days after CLP, TNF-␣ had returned to control values in the hippocampus, whereas IL-1␤ and IL-6 levels returned to values similar to sham-operated animals in the prefrontal cortex (Fig. 1, B and C). Toll-like receptor 4 (TLR4), a membrane receptor important in the modulation of pro-inflammatory responses, increased in both brain structures only at 30 days after CLP (Fig. 2 , A and D). A similar profile was observed with the content of GFAP, a marker of astrocyte activation ( Fig. 2, B and E). However, the neuronal nitric-oxide synthase (nNOS) content did not change in the hippocampus (Fig. 2C ), although it increased in the prefrontal cortex 15 and 30 days after CLP ( Fig. 2F ).
Increased formation of A␤ from A␤PP cleavage and aberrant phosphorylation of the microtubule-stabilizing protein Tau are key events leading to the formation of amyloid plaques and neurofibrillary tangles, respectively. In the hippocampus, increased A␤ immunodetection and enhanced Tau phosphorylation were observed only at 30 days after CLP (Fig. 3, A and B , respectively). In the prefrontal cortex, A␤ immunocontent increased 15 and 30 days after CLP (Fig. 3C ), and Tau phosphorylation at Ser-202 transiently increased 15 days after CLP and then returned to basal levels at 30 days ( Fig. 3D ). Confirming this observation, immunofluorescence visualization of these markers 30 days after CLP showed increased immunostaining of A␤ and phospho-Tau in the hippocampus ( Fig. 3E ) and enhanced immunostaining of A␤ as well as remnant presence of phospho-Tau in the prefrontal cortex ( Fig. 3F ).
Circulating RAGE ligands and brain RAGE increase as animals recover from CLP
To evaluate a possible relationship between RAGE signaling and brain function impairment in sepsis, the content of several biochemical markers associated with RAGE was assessed. The content of various RAGE ligands (CML, HMGB1, HSP70, and S100B) was determined in the serum (Fig. 4A ). CML levels increased in all periods after CLP; HMGB1 increased 15 and 30 days after CLP, whereas HSP70 levels were increased only at 30 days. No differences in S100B levels were detected. Levels of the soluble form of RAGE (sRAGE) in the serum were analyzed, as RAGE shedding and release off the cell membrane is an important regulatory mechanism of signaling termination. No differences in serum sRAGE levels were detected at any period after CLP (Fig. 4A ). The content of RAGE ligands and RAGE was also evaluated in the brain. In the hippocampus, CML levels were unaltered, whereas HMGB1 and HSP70 levels decreased 15 days after CLP (Fig. 4B ). In the prefrontal cortex, CML levels were increased only 1 day after CLP ( Fig. 4C ); HMGB1 and HSP70 levels were decreased 15 days after CLP, but no differences were observed at other periods (Fig. 4C ). The content of RAGE in both structures increased at 15 and 30 days after CLP (Fig. 4 , B and C).
Hippocampal RAGE antibody injection inhibits neuroinflammation and neurodegeneration markers
The levels of circulating RAGE ligands and brain RAGE are more prominent after the acute phase of sepsis, when most pro-inflammatory markers are already decreased or declining to levels similar to sham-operated animals. In this context, the role of RAGE in changes observed in the brain 30 days after CLP was investigated by selective blocking of RAGE in the hippocampus with anti-RAGE antibody (RAGEab, 100 g/kg). RAGEab was administered via cannula consecutively at days 15, 17, and 19 after CLP. At 30 days after CLP, the endogenous content of RAGE in the hippocampus decreased in CLP-subjected animals receiving RAGEab as visualized by immunoflu- 
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orescence microscopy ( Fig. 5A ). Besides, immunolocalization of Iba-1 ( Fig. 5B ) and GFAP ( Fig. 5C ) indicated that RAGEab administration inhibited CLP-induced microglial and astrocyte activation, respectively. The increases in hippocampal A␤ immunostaining ( Fig. 5D ) and Tau phosphorylation ( Fig. 5E ) observed 30 days after CLP were also inhibited by RAGEab administration to hippocampus. Quantification of fluorescence intensity of RAGE, Iba-1, GFAP, A␤, and p-Tau immunostaining and statistical analysis confirmed these observations (Table 1) .
Interestingly, hippocampal RAGEab administration also had effects in the prefrontal cortex. Mean values and statistical analysis of fluorescence quantification in hippocampus are shown in Table 1 . The increase in RAGE induced by CLP was inhibited in prefrontal cortex of animals treated with RAGEab, as observed by fluorescent immunolocalization (Fig. 6A ). The number of cells with positive staining for both Iba-1 ( Fig. 6B ) and GFAP ( Fig. 6C ) was also decreased by hippocampal RAGE inhibition, and a similar effect was observed with A␤ immunostaining ( Fig. 6D ). No significant effect was observed on Tau phosphorylation, as this parameter was not significantly altered in the prefrontal cortex 30 days after CLP ( Fig. 6E ). To further confirm this observation, a double staining was performed with the neuronal marker NeuN. Hippocampal Tau phosphorylation is possible to observe at the subcellular level and at different magnifications along with NeuN-positive neurons. Distribution of p-Tau and NeuN staining within cells varies according to the irradiation pattern of neuritis/axons from the perinuclear area, which is the site of NeuN expression ( Fig. 7A ). In the prefrontal cortex, however, staining for phosphorylated Tau is not observed, although NeuN staining suggests a decrease in the number of neurons at both structures in the CLP group, which is rescued by RAGEab ( Fig. 7B and Table 1 ).
A␤ and phosphorylated Tau immunofluorescence was observed in isolated cells to identify morphological staining patterns that could be associated with extracellular deposition or intracellular accumulation. Staining of A␤ antibodies in isolated neurons of hippocampus and prefrontal cortex from CLP and CLP ϩ RAGEab groups resembles neuronal bodies and neurite projections (Fig. 8, A and B) . Plaque-like structures were not observed. A similar examination was performed with 
phosphorylated Tau with double staining for NeuN. The morphological pattern displayed at a cellular level in hippocampus does not resemble extracellular deposition of structures such as neurofibrillary tangles, but they are suggestive of intracellular fibrillary constitution ( Fig. 9A ). Neurons of the prefrontal cortex, in contrast, do not present p-Tau reactivity, as observed above (Fig. 9B ).
Long-term effects of RAGE in brain involves modulation of Akt and mTOR
RAGE and TLR4 modulate inflammatory and neurodegenerative responses through activation of specific protein kinase cascades. The phosphorylation of ERK1/2 and Akt, which participate in different signal cascades evoked by RAGE and TLR4, was verified. In the hippocampus, ERK1/2 phosphorylation was increased 24 h and 15 days after CLP but returned to levels similar to sham animals 30 days after CLP (Fig. 10A ). In the prefrontal cortex, ERK1/2 phosphorylation was increased 24 h after CLP but returned to basal levels at later periods (Fig. 10D ).
In contrast, Akt had an opposite profile, presenting increased phosphorylation only 15 and 30 days after CLP in both structures ( Fig. 10, B and E). Considering this profile of transient activation of ERK1/2 and late sustained activation of Akt, the phosphorylation state of Akt downstream target mTOR was analyzed. Phosphorylation of mTOR in the hippocampus was significantly decreased compared with sham animals at 30 days after CLP, with no alterations at earlier times ( Fig. 10C ). In the prefrontal cortex, mTOR phosphorylation was increased 1 day after CLP but displayed an opposite profile at 15 and 30 days following CLP, presenting decreased phosphorylation compared with sham animals (Fig. 10F ). These results suggest that RAGE signaling is associated with Akt phosphorylation and mTOR dephosphorylation, as these effects occurred concomitantly after the acute inflammatory phase of sepsis.
To confirm this hypothesis, the effect of hippocampal RAGE inhibition over Akt and mTOR phosphorylation states 30 days after CLP in both structures was analyzed. 
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RAGEab treatment to the hippocampus significantly inhibited the increase in Akt phosphorylation ( Fig. 11A ) and reversed the inhibition of mTOR phosphorylation ( Fig. 11B ) observed 30 days after CLP. Furthermore, quantification of RAGE levels in these same samples confirmed that RAGEab injection to the hippocampus down-regulated RAGE protein levels in this structure ( Fig. 11C ), suggesting a link for RAGE, Akt, and mTOR. The immunocontent of A␤ and phosphorylated Tau was also assessed in these samples (Fig. 11 , D and E, respectively). Hippocampal RAGEab administration also affected RAGE signaling in the prefrontal cortex. Changes in prefrontal cortex Akt and mTOR observed in the CLP group were significantly reversed by RAGEab injection into the hippocampus (Fig. 11 , F and G, respectively). Simi- 
larly, levels of RAGE in these samples were significantly inhibited by RAGEab administration (Fig. 11H) . Finally, the effect of hippocampal RAGEab injection on A␤ immunode-tection ( Fig. 11I ) and phosphorylated Tau (Fig. 11J ) levels also repeated the pattern seen in the prefrontal cortex immunolocalization. 
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Finally, the effect of hippocampal RAGE immune neutralization in cognitive performance was evaluated 30 days after CLP. Sepsis induces a significant impairment in memory retention tasks, and animals treated with RAGEab administration had performance similar to control animals ( Fig. 12, A and B) . These results, altogether, suggest that administration of RAGEab into hippocampus is able to restore some of the alterations in brain function that are observed after recovery from the acute phase of sepsis.
Discussion
In this study, animals surviving sepsis presented brain alterations commonly associated with the onset of neurodegenerative processes, and RAGE was demonstrated to play a key role in the progression of these changes. Sepsis enhances transcription of pro-inflammatory cytokines, including TNF-␣, IL-1␤, and IL-6 (4), which affect the arrangement of tight junctions in BBB endothelial cells (34 -36) . This increases BBB permeability, contributing to neuroinflammation and cell death (11) . The present model of polymicrobial sepsis induced by CLP requires the use of antibiotics to maintain survival around 40%. However, the antibiotic therapy, as observed here and in previous works, does not prevent the progression of sepsis, although it significantly enhances survival (37, 38) . The variation in proinflammatory cytokines at the systemic level presented a typical pattern here. Pro-inflammatory cytokines may accumulate in brain due to saturable influx transport, retrograde axonal transport systems, or simple diffusion in areas where BBB is impaired. A similar pattern was observed here, as brain proinflammatory markers increased, systemic cytokines decreased following acute inflammation recovery. All cytokines were elevated in the brain 24 h after CLP and decreased with time, except TNF-␣ in the prefrontal cortex (which peaked at 15 days and then decreased). In contrast, alterations in TLR4, GFAP, 
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and nNOS, which are markers associated with inflammatory activation in specific cells, were not observed earlier than 15 days after CLP. Indeed, TLR4 and GFAP levels were altered only 30 days after CLP. These data unveil a bimodal profile of inflammation in the CNS following sepsis, with a more prominent role of pro-inflammatory cytokines at earlier stages, probably resulting from transient BBB disruption during the acute phase of sepsis, followed by resident activation of local cells as BBB is restored and animals recover from acute inflammation. As mentioned above, BBB is disrupted during the acute phase of sepsis, but it restores its integrity and selective permeability as animals recover from acute inflammation (11, 39) .
Previous work has demonstrated that CLP induces microglial activation, and this is associated with long-term cognitive dysfunction caused by sepsis (13) . A similar profile was observed here for astrocytes, as GFAP levels increased late after CLP. Altogether, these observations suggest that the glia exert an important role in the chronic neuroinflammation and longterm impairments in brain function observed after sepsis recovery. In this context, the late increase in TLR4 levels (30 days after CLP) may be associated with late astrocyte/microglial activation instead of polymicrobial-dependent up-regulation. TLR4 triggers production of cytokines, nitric oxide (NO), and reactive oxygen species in microglia and astrocytes (40) . Abnormal Tau phosphorylation is associated with several neurodegenerative conditions, including AD and other tauopathies where formation of highly dense hydrophobic aggregates of misfolded proteins causes neuronal death (41) . Tau presents at least 85 potential sites of phosphorylation, which are regulated by several different protein kinases and phosphatases. The specific phosphorylation of some of these sites has been associated with particular physiological processes, whereas the overstimulation of some sites has been suggested to be more critical for the induction of abnormal aggregation (42-44). Abnormal stimulation of Tau Ser-202 phosphorylation correlates with AD in adult humans and is associated with neurofibrillary tangle formation (43) . The involvement of aberrant Tau phosphorylation in brain function impairment following sepsis is consistent with previous observations, including progressive decline in cognitive functions and oxidative damage to CNS (45, 46) . RAGE expression in the adult CNS is more often associated with microglia and astrocytes, although it may be induced in 
neurons as well. The mechanistic relationship between RAGE and Tau phosphorylation in the brain may involve RAGE upregulation as a consequence of microglia and astrocyte activation, release of pro-inflammatory mediators to the extracellular milieu, and consequent activation of neurotoxic pathways in neurons, including GSK-3␤and CDK5-regulated cascades that participate in Tau phosphorylation (47) . This hypothesis is supported by our finding that in the hippocampus RAGE upregulation precedes Tau phosphorylation at 15 days.
The immunostaining profile of phosphorylated Tau in the hippocampus is indicative of intracellular sublocalization, whereas no evident formation of tangles was detected. Extracellular accumulation of neurofibrillary tangles is characteristically observed in post-mortem analyses of AD brains, being normally associated with late stages of neurodegeneration. However, Tau abnormal phosphorylation, aggregation, and proteolysis constitute earlier steps in the formation of neurofibrillary tangles, being crucial events in the pathogenesis of AD and 
other sporadic tauopathies (48, 49) . It is postulated that the process of Tau abnormal phosphorylation and aggregation in tauopathies follows a progression through three stages: pretangle formation, when soluble oligomers and small aggregates are observed as intracellular inclusions; intracellular neurofibrillary tangle stage, when it is possible to observe phosphorylated Tau in the form of intracellular filaments; and extraneuronal neurofibrillary tangles stage, when neurons that originated the processes are no longer viable (48) . Our observations are suggestive that the first two stages are taking place in hippocampus. In prefrontal cortex, however, Tau phosphorylation had already returned to basal levels 30 days after CLP, although NeuN staining suggests a decreased number of neurons.
The progressive accumulation of A␤ is also consistent with this scenario. A␤PP metabolism is normally accelerated in AD and related diseases and may lead to A␤ generation (50) . However, the amyloid plaques observed in pathological analysis of AD brains are believed to take decades to form (51) . Accumulation of A␤ in amyloid plaques is affected by transcriptional regulation of A␤PP, modifications in expression and/or activity of secretases involved in A␤PP cleavage, and oxidative damage resulting from glial activation (19) . Interestingly, secretases responsible for A␤PP cleavage also act in RAGE shedding (52, 53) , indicating that RAGE and A␤ share important regulatory steps, and their homeostasis may be disrupted by common mechanisms. RAGE is also a major regulator of systemic A␤ translocation into CNS through BBB (54) , and A␤-RAGE interaction enhances Tau phosphorylation (27) . Brain accumulation of A␤ following CLP recovery has been previously associated with long-term cognitive impairment (30) . Here, a progressive increase in A␤ immunodetection was observed with time after CLP and RAGE immune neutralization in hippocampus was able to inhibit this effect in both structures at 30 days, suggesting a link between RAGE and A␤ induction. This is in agreement with previous observations showing that RAGE inhibition prevented A␤ production, inflammation, oxidative stress, and cognitive deficits in an AD mouse model and in rats receiving intrahippocampal AGEs (31, 55) .
Immunofluorescence images display a staining pattern not indicative of plaque-like structures but an intraneuronal location varying between cell bodies and neurites and, apparently, axons in some cells. Although deposition of A␤ in AD senile plaques is postulated to occur in the course of years, or perhaps decades, the formation, aggregation, and deposition of A␤ in traumatic brain injury (TBI) can be highly accelerated, taking place in a span of hours from an acute episode of trauma (56) . The pattern of A␤ staining in hippocampus and prefrontal cortex observed here does not indicate an advanced stage of neurodegeneration commonly associated with the presence of amyloid plaques but intraneuronal accumulation of A␤ or, more likely, its full-length precursor protein, considering the morphological pattern of staining. Early intraneuronal accumulation of A␤ in neurons that are particularly vulnerable in AD were observed in AD brains, as well as Down's syndrome and numerous transgenic mouse models of AD (57) . This "preplaque" accumulation takes place in intraneuronal endosomal vesicles, reportedly located in cell soma and, at higher extent, distal neurites and synapses (58, 59) . Recently, the hypothesis that A␤ extracellular plaque deposits are the remnants of these 
degenerating neurites and synapses, as well as neuron cell soma (neurites and synapses also exist at neuron cell bodies), has been increasingly supported by detailed studies on subcellular localization of A␤ formation, oligomerization, and subsequent deposition in the progression of neurodegeneration (57) . Our results are in accordance with this hypothesis, as A␤ staining in our model seems to follow a pattern of intracellular localization, not associated with plaques and not as extensive as would be expected following an acute TBI episode. Notwithstanding, in non-transgenic Wistar rats, intraneuronal A␤ accumulation in response to neuroinflammation is not usually as high as observed here, especially considering the intensity of the effect and the age of the animals used in this study (3-month-old young adults). In this context, a possible cross-reactivity with full-length A␤PP in our immunofluorescence images should not be ruled out. This is a plausible hypothesis to explain why CLP induces this extent of A␤ labeling in young animals at such short times after surgery. Importantly, this possibility does not invalidate the current interpretation of our observations, con-sidering that A␤ has originated from A␤PP cleavage and thus a marked increase in A␤PP could constitute an earlier step of this process. Although detailed molecular steps of these events remain to be elucidated, the occurrence of augmented A␤ and Tau phosphorylation in the hippocampus and prefrontal cortex, together with previous evidence mentioned above, are highly suggestive of neurotoxic processes that potentially represent early molecular steps of neurodegenerative cascades in the course of activation. Besides, the observation that RAGE immunoneutralization inhibited A␤ immunodetection and Tau phosphorylation represents valuable information concerning the sequence of events by which sepsis and systemic inflammation trigger long-term neurodegenerative processes.
Circulating RAGE ligands were increased in serum, and RAGE was up-regulated in brain structures. These data could indicate that the influx of peripheral RAGE ligands to the CNS is occurring, as sepsis-impaired BBB allows unspecific transport of pro-inflammatory mediators to the brain (10, 11, 60) . Although the determination of RAGE ligands in total tissue does not reflect the extracellular content of these molecules in the CNS, they presented little or no variations, corroborating the hypothesis that RAGE in CNS is activated and up-regulated by peripherally-produced ligands and cytokines. As a consequence, intracellular effects triggered downstream RAGE activation that may take place in a similar time frame to RAGE protein up-regulation. Importantly, a correlation between Akt/ mTOR and RAGE signaling is observed. Akt phosphorylation in brain is increased concomitantly with the increase in RAGE markers in serum and brain, and this relationship was further reinforced by the observation that RAGEab inhibited Akt phosphorylation. ERK1/2 and Akt are important components in neurodegenerative and inflammatory pathways and cross-talk to counteract, enhance, or suppress signaling by each other (61) . In neurodegenerative diseases (especially AD), neuronal ERK1/2 activation is generally associated with GSK3-␤ cascade regulating Tau phosphorylation, but in glia these kinases are associated with inflammation (26, 62) . A ubiquitous consequence of RAGE binding is NF-B activation through ERK1/2, which in turn activates inflammatory cytokines and RAGE transcription. Alternatively, Akt activation is associated with survival responses, including inhibition of pro-inflammatory activation and autophagic clearance of protein aggregates (63, 64) . Nonetheless, both exhibit differential states of basal activity and response to stimuli in different brain areas. Recently, it was observed that ERK1/2-and Akt-mediated pathways share little common regulation in different brain structures of A␤PP/PS1 transgenic mice, despite simultaneous dysfunctional processes (65) . ERK1/2 phosphorylation was increased in earlier periods and returned to basal levels later; in contrast, Akt phosphorylation exhibited a pattern of progressive increase. These data point to a shift from ERK1/2-mediated pathways, in earlier periods, to Akt signaling in later periods. Also, these results are in accordance with the decrease in acute pro-inflammatory markers observed during CLP recovery. Thus, a scenario where pro-inflammatory cytokines increase in the CNS causing ERK1/2 phosphorylation during the acute phase of sepsis followed by a second phase where RAGE up-regulation evokes Akt-dependent responses as pro-inflammatory cytokines Test sessions were carried out 24 h after training, and the step-down latency was used as a measure of retention. For object recognition task (B), training at day 30 after CLP was conducted by placing rats in the field with two identical objects (objects A1 and A2). Twenty four hours later, animals were allowed to explore the field in the presence of the familiar object A and a novel object C. A recognition index was calculated as the ratio TB/(TA ϩ TB), with TA ϭ time spent exploring the familiar object A; TB ϭ time spent exploring the novel object B. Scattered individual data points with mean and standard deviation from animals from two different experiments are represented; comparisons among groups were performed using the Mann-Whitney U test. For behavioral analyses, individual groups were compared by the Wilcoxon tests. Animals that presented unusual locomotor activity or any other sign of altered behavior during training sessions were excluded from tests. Differences were considered significant when p Ͻ 0.05 (*).
decrease is consistent with our data. In neurodegenerative conditions, mTOR is generally associated with control of autophagy and apoptosis in response to protein misfolding and aggregation. Akt and ERK1/2 affect mTOR by modulating the activation of the mTOR-inhibitory TSC1-TSC2 complex (66) . Akt also controls mTOR by phosphorylation (67, 68) . Here, mTOR phosphorylation decreased concomitant to stimulation of Akt. It is possible that the late effect of CLP on mTOR phosphorylation in brain is related to inhibitory feedback mechanisms of RAGE involving Akt late phosphorylation. The observation that RAGEab reversed the effects of CLP on mTOR and Akt phosphorylation states after 30 days is consistent with this interpretation. Besides, it is also important to note that HSP70 levels in both structures were decreased 15 days after CLP. HSP70 is a molecular chaperone important for the control of autophagy as its function is directly related to protein misfolding and turnover. Decreased levels of HSP70 could be related to a deficit in autophagic processing, and this, in turn, could contribute to enhance the accumulation of damaged or misfolded proteins.
The time course of events observed here indicates a trend pattern. The decrease in acute systemic inflammation characteristic of sepsis occurs with progressive increase in RAGEassociated markers in serum and brain over time, suggesting a shift from acute inflammation toward chronic neuroinflammation. In different chronic diseases related to organ function degeneration, RAGE expression is elevated and associated with the support of a chronic inflammatory state (20, 69). The results presented here suggest that RAGE signaling increases as the acute pro-inflammatory signaling decreases as animals recover from sepsis. The spatial and temporal differences in the expression of markers associated with acute inflammation, RAGE, and neurodegenerative signaling may be related to the systemic origin of inflammation, which may affect CNS structures at different extents depending on their localization, contact area with blood vessels, and relative constitution of different cell types. However, LPS-induced systemic inflammation was reported to cause loss of neurons in both hippocampus and prefrontal cortex, with substantial loss of cholinergic innervations, resembling a neurodegenerative process; and different types of cognitive deficits were observed in this model (70) . Previous works demonstrated several different cognitive deficits in sepsis survivors, and these deficits were associated with the prefrontal cortex and hippocampus inflammation (6, 13, 71) . Here, it was demonstrated that blocking RAGE signaling in the hippocampus inhibited long-term cognitive dysfunction. All these data taken together suggest that systemic inflammation induces long-term hippocampal and prefrontal alterations that are somehow similar to a neurodegenerative process. These molecular and structural alterations are linked to a phenotype of cognitive dysfunction that is dependent on hippocampus and prefrontal connections.
Antagonism of RAGE signaling using RAGE antibodies or sequestering RAGE ligands with sRAGE have been previously undertaken in models of inflammation and sepsis. The use of monoclonal, polyclonal, or Fab fragments has been extensively applied as a pharmacological inhibitor was available only very recently. RAGE inhibition by these approaches has a significant impact on sepsis, mainly through attenuation of pro-inflammatory signaling (24) . Utilization of Fab fragments or monoclonal antibodies instead of polyclonal antibodies used here could represent a practical advantage as they would not bind to other scavenger receptors sharing similar epitopes. A necessary step for development of a clinical protocol based on immune neutralization of RAGE, in this context, is the rational design of a selective RAGE antibody for human utilization in a clinical trial. Besides, the delivery of an anti-RAGE molecule to specific brain regions should be considered another essential step, which could demand a surgical approach. A clinical trial with a synthetic RAGE inhibitor, PF-04494700 (Azeliragon or TTP488), indicated no consistent effect on plasma levels of A␤, inflammatory biomarkers, or secondary cognitive outcomes in phase II (72) . However, a follow-up examination, conducted after treatment was suspended, suggested a possible clinical benefit for a low dose, but as these data became evident only long after discontinuation of the treatment based on preliminary results, they remain inconclusive (73). Currently, a phase III clinical trial is ongoing for efficacy and safety in mild AD (NCT02080364). Nonetheless, in an experimental context, blocking of RAGE with polyclonal antibodies has been successfully demonstrated in different rodent models of systemic inflammation, and effects caused by unspecific binding have not been observed (74 -76) . Systemic blocking of RAGE previous to sepsis attenuated the effects of endotoxemic shock (23, 25, 77) . Here, RAGEab was used to evaluate the role of RAGE in brain dysfunction occurring 30 days after CLP. Importantly, the hippocampal administration of RAGEab was performed from 15 to 19 days after CLP, to establish the importance of CLPinduced up-regulation of RAGE in changes emerging after the acute pro-inflammatory phase of sepsis. Blocking RAGE prior to CLP, or using constitutive RAGE knock-out models, would result in an overall inhibition of systemic inflammation, as demonstrated previously (77) , whereas the main goal of the current approach was to identify a molecular link connecting systemic inflammation and brain dysfunction that may be involved in long-term brain impairment caused by sepsis. This allowed identifying RAGE as an important molecular component in the course of CNS signaling events often associated with the onset and progression of neurodegeneration, such as A␤ accumulation, Tau phosphorylation, astrocyte/microglia activation, and modulation of Akt and mTOR. Also, the participation of RAGE in cognitive impairment as animals recover from an episode of sepsis could also be identified.
In conclusion, the results presented here demonstrate a prominent role of RAGE in the development of biochemical and behavioral changes commonly associated with the onset of neurodegenerative processes. Although the limitations of the current model do not allow an extrapolation of a more important role for RAGE in the evolution of characteristic neurodegenerative conditions (such as AD and other tauopathies, for instance), this study provided valuable insight to the understanding of mechanistic links that could associate episodes of acute systemic inflammation to the activation of neurodegenerative-associated signaling in the CNS in later periods of life. Besides, the development of a clinical protocol for RAGE immune neutralization in a specific brain region could be
designed to be applied in early steps of neurodegenerative diseases, such as AD, in future clinical studies. The results presented here indicate that inhibition of RAGE in the hippocampus and prefrontal cortex by injection of RAGEab in hippocampus is able to counteract the degenerative process triggered by sepsis. Clinical strategies that treat the cause of neuronal death in neurodegenerative diseases are currently scarce, as most therapeutic approaches focus on alleviating or retarding the symptoms of neurodegeneration.
Experimental procedures
Chemicals
Electrophoresis and immunoblot reagents were from Bio-Rad, Thermo Fisher Scientific Pierce Protein Biology Products, and GE Healthcare Brazilian Headquarter (São Paulo, Brazil). Polyclonal and monoclonal antibodies from Abcam (Cambridge, UK) were as follows: TNF-␣ (ab6671); IL-1␤ (ab9722); IL-6 (ab9324); CML (ab27684); nitrotyrosine (ab7048); RAGE (ab37647); and TLR4 (ab22048). Antibodies against S100B (catalog no. 9550), HSP70 (catalog no. 4872), HMGB1 (catalog no. 
CLP
Adult (60-day-old) male Wistar rats were used in this study. Animals were subjected to CLP or sham-surgery as described previously (78) . In brief, rats were anesthetized with a mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg) given intraperitoneally. A 3-cm midline laparotomy was performed to expose the cecum with adjoining intestine, under aseptic conditions. The cecum was tightly ligated with a 3.0 silk suture at its base, below the ileocecal valve, and perforated with a 14-gauge needle. The cecum was then gently squeezed to extrude a small amount of feces from the perforation site. The cecum was then returned to the peritoneal cavity, and the laparotomy was closed with 4.0 silk sutures. A sham operation (laparotomy and cecal exposure without further manipulation) was performed as control. After surgery, animals were resuscitated with nor-mal saline (50 ml/kg b.w. subcutaneously as bolus injection) and received 30 mg/kg ceftriaxone and 25 mg/kg clindamycin in saline (50 ml/kg b.w.) subcutaneously every 6 h for a total of 3 days. Sodium dipyrone was used as analgesic due to its high gastric tolerability and to avoid opioid analgesics that could have any possible influence in behavior tests. Besides, there are no reported effects of sodium dipyrone over sepsis aggravation to date. Administration of 80 mg/kg was performed at the end of surgery, and 0.5% flavored dipyrone suspension was provided in the water for 3 days after surgery. All these drugs were equally administered to sham and CLP animals. It is relevant to cite that even flavored dipyrone could alter water taste, although evident changes in water consumption were not observed. To minimize variability between different experiments, the CLP procedure was always performed by the same investigator. For each experiment, every group had an initial number of 22 animals, with a survival rate of 100% in the sham group and around 40% in the sepsis group, which was in accordance with our previous observations (30, 79) . A minimum of six animals per group (sham versus CLP) on each day (1, 15, or 30 days after surgery) was used for individual biochemical and behavioral analyses. For behavioral analyses, animals that were unable to complete tasks within a maximum time were excluded. To collect samples for biochemical analyses, animals were euthanized by decapitation, and samples (tissues and blood) were collected immediately. The whole blood was collected in a centrifuge tube, and the serum was immediately separated by centrifugation while the brain was dissected. Brain was dissected in a Petri's dish containing isotonic PBS placed on ice. After surgical isolation of the hippocampus and prefrontal cortex, these samples were immediately homogenized in ice-cold RIPA buffer containing a complete protease and phosphatase inhibitor mixture (CST catalog no. 5872). For histology preparation, the procedure is provided below. All experimental procedures were performed in accordance with the National Institutes of Health, Guide for the Care and Use of Laboratory Animals (NRC80), and the Brazilian Society for Neuroscience and Behavior recommendations for animal care (80). The experimental protocols were approved by Committee of Ethics for the Use of Animals under protocol number 068/2014-2 (Universidade do Extremo Sul Catarinense) and the Universidade Federal do Rio Grande do Sul Committee of Ethics for the Use of Animals under protocol number 22629.
RAGE immune neutralization
Rats were bilaterally implanted with guide cannulas under anesthesia with isoflurane (1.0 -2.0% delivered in O 2 ). Fourteen days after CLP, the rat was anesthetized with 2.0% isoflurane and placed in a Kopfe stereotaxic frame and a stainless steel guide cannula (27 gauge, 9-mm length) aimed 1 mm above the hippocampus coordinates: anteroposterior, 2.2 mm, lateral Ϯ 2.0 mm, and ventral Ϫ3.7 (81) was inserted. Isoflurane (1.0 -2.0%) was delivered during the entire procedure. Anchoring screws and dental acrylic secured the guide cannula to the skull. The skin was approximated around the implant and sutured in place. The solutions were infused through an injection needle of 10 mm length, thus extending 1 mm beyond the length of guide cannula. The needle had a flat extremity and was con-
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nected to a 10-l Hamilton syringe, and infusions were carried out over 30 s, first on one side and then on the other. In each case the infusion cannula was left in place for 15 s after the infusion had been completed. Rat polyclonal RAGEab was administered bilaterally into the hippocampus at 100 g/kg saline at days 15, 17, and 19 after CLP. Control animals received 100 g/kg of isotype IgG.
Behavior tests
Animals were subjected to inhibitory avoidance tasks 30 days after CLP. The behavioral procedures were conducted between 13:00 and 16:00 h in a sound-isolated room. All behavioral tests were performed by the same person who was blind to the animal group. The inhibitory avoidance procedure was described in a previous report (82) . Training sessions were performed 30 days after surgery. Immediately after stepping down on the grid, animals received a foot shock of 0.3 mA for 2 s. In test sessions carried out 24 h after training, no foot shock was given, and the step-down latency (maximum of 180 s) was used as a measure of retention. Animals that failed to step down on the grid or presented any signs of unusual locomotor activity were excluded. During object recognition habituation, session animals were allowed to explore an open field. Training was conducted by placing rats in the field, in which two identical objects (objects A1 and A2; both being cubes) were positioned. Twenty four hours after training, animals were allowed to explore the field in the presence of the familiar object A and a novel object B (a sphere with a square-shaped base). A recognition index was calculated and was reported as the ratio TB/(TA ϩ TB) (TA ϭ time spent exploring the familiar object A; TB ϭ time spent exploring the novel object B). Animals that presented unusual locomotor activity during training session were excluded.
ELISA measurements
To determine TNF-␣, IL1-␤, IL-6, and CML concentrations in serum and TNF-␣, IL-1␤, IL-6, S100B, CML, HSP70, and HMGB1 in tissues, we used an indirect enzyme-linked immunosorbent assay (ELISA) procedure. Samples were normalized according to protein content (83) and added to ELISA microplates. The antigen was incubated for 24 h at room temperature. The immunoreactivity (1:1) was detected using a spectrophotometric detection kit from BD Biosciences. The reaction was stopped with sulfuric acid (2 M), and samples were read at 450 nm. Purified proteins were used for standard curve calculation.
Western blotting
To perform immunoblot experiments, the tissue was homogenized with 1ϫ RIPA buffer, centrifuged 14,000 ϫ g for 10 min at 4°C, and supernatant proteins were measured by the Bradford method (83) . Laemmli sample buffer was added to complete volume according to the protein content of each sample, and equal amounts of cell protein (30 g/well) were fractionated by SDS-PAGE and electroblotted onto nitrocellulose membranes with Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell, Bio-Rad. Membranes were incubated for 20 min at room temperature in SNAP i.d. 2.0 Protein Detection System, Merck Millipore, with each primary antibody. Anti-rabbit or -mouse IgG peroxidase-linked secondary antibody was incubated with membranes for an additional 20 min in SNAP (1:2000 dilution range), and the immunoreactivity was detected by enhanced chemiluminescence using Supersignal West Pico Chemiluminescent kit from Thermo Fisher Scientific. Molecular weight was accessed with a biotinylated protein ladder (5 l per well). Densitometric analysis of the images was performed with ImageJ software (ImageJ version 1.49, National Institutes of Health). Blots were developed to be linear in the range used for densitometry.
Perfusion fixation of tissue for histology
Animals (eight per group) were anesthetized with thiopental and lidocaine (120 and 10 mg/kg i.p.). Once the animal was unresponsive to toe pinch-response (anesthesia validation test), it was placed on the operating table with its back down. A scalpel was used to make an incision through the abdomen at the length of the diaphragm, followed by a cut of the rib cage up to the collarbone on both sides of the ribs providing a clear view of the heart. A small incision was made in the posterior end of the left ventricle and an olive-tipped perfusion needle was inserted through the ventricle to extend straight up about 5 mm. An incision to the rat right atrium was made to create an outlet for free flow of the solution. A hemostat was used to stabilize the needle and to clamp the descendent aorta to optimize perfusion in the CNS. Eight animals per group were perfused with 0.9% sterile saline during 10 min (flow rate 20 ml/min) followed by 10 min with paraformaldehyde solution 4% in PBS (pH 7.4) (flow rate 20 ml/min). The brains were then carefully extracted and maintained in 4% paraformaldehyde for 24 h at 4°C, then placed in sucrose 15% for 24 h at 4°C, and placed in sucrose 30% for 24 h at 4°C. Brains were slightly dried and frozen in Ϫ20°C. After 24 h the prefrontal cortex and the hippocampus were sectioned in slices of 15 m on the coronal plane using a cryostat at Ϫ20°C (Jung Histoslide 2000R; Leica; Heidelberg, Germany). A total of 20 -30 slices per rat containing the structures was collected in PBS containing 0.1% Triton X-100 (PBS-0.1%). The free-floating sections were incubated with 5% albumin during 2 h to block non-specific binding sites. The antibody was incubated during 48 h at 4°C. Anti-RAGE, anti-Iba-1, anti-GFAP, anti-A␤, and anti-phospho-Tau were used at 1:500 dilution. DAPI was used for nucleic acid staining (1:500; D9542, Sigma). Antibodies were diluted in PBS containing bovine serum albumin (2%). After washing four times with PBS-0.1%, tissue sections were incubated with secondary antibody according to reactive species (anti-rabbit or mouse Alexa 488 or 555 from Cell Signaling Technology), all diluted 1:500 in PBS and 2% BSA. After 1 h at room temperature, the slices were washed several times in PBS-0.1%, transferred to gelatinized slides, mounted with FluorSave TM (345789, Merck Millipore), and covered with coverslips. The images were obtained with a Microscopy EVOS FL Auto Imaging System (AMAFD1000, Thermo Fisher Scientific). Quantitative analysis of immunofluorescence staining was performed with ImageJ software (ImageJ version 1.49, National Institutes of Health). Results are expressed as fold relative to control (sham) group.
